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Abstract

The temperature dependence of the plastic collapse of single-wall carbon
nanotubes under axial compression has been studied with classical molecular
dynamics simulations using Tersoff-Brenner potential for C-C interactions. At
zero temperature, an (8,0) single-wall carbon nanotube under axial compres-
sion collapses by forming fins-like structure which remains within the elastic
limit of the system, in agreement of previous molecular dynamics study. At
finite temperatures, however, we find that temperature dependent fluctua-
tions can activate the formation of sp3 bonds, in agreement with a recently
proposed plastic collapse mechanism of the same nanotube with a generalized
tight-binding molecular dynamics description. Furthermore, Stone-Wales de-
fects are also found in the plastically collapsed structures. The thermal fluc-
tuations are shown to drive nanotubes to overcome the energy barriers leading
to plastically collapsed structures which have significantly lower strain energy

(0.1eV/atom) than fins-like structure.
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Since their discovery in 1991,"? single- and multi-walled carbon nanotubes (CNTSs) are
shown to have exceptionally strong and stiff mechanical characteristics along the axis of the
tube, and to be very flexible normal to the tube axis.® !? For axial deformations, the Young’s
modulus of single-walled CNTs can be larger than 1 TPa, and some efforts have been made
to take advantage of this strength to use CNT as a reinforcing fiber in nanotube-polymer
composite matrix.'* 1 To develop a fully optimized nanotube composite materials, it is
important to characterize the nanomechanics of CNTs.

Many experimental and theoretical efforts have been made to study CNT mechanics.® 2
The initial investigations, using classical molecular dynamics (MD) simulations with Tersoff-
Brenner potential, have shown extreme stiffness of the tubes under axial compression, and
the system is shown to remain in elastic limit even for very large deformations (up to
15%).7%12 Non-linear elastic instabilities, with the appearance of fins-like structure, were
observed in MD simulations, but the system remained within elastic limit and returned
to the original unstrained state as soon as constraining forces were removed. However,
more accurate generalized tight-binding (TB) MD simulations'” have recently shown that
an axial compression leads to a plastic collapse of the system that is driven by a graphitic
(sp2) to diamond- like (sp3) bonding transition at the location of a collapse. At zero or low
temperatures, classical MD simulations find that CNT remains within elastic limit upto 15%
strain, whereas the generalized tight-binding molecular dynamics (GTBMD) descriptions
show that a cross-over to plastic regimes occurs at 12% strain, through a local diamond
structure formation.

The generalized tight-binding MD is considered to be more accurate in describing the

1819 ysed in the classical MD studies.

energy of the system than Tersoff-Brenner potentia
During the relaxation at zero temperature using Tersoff-Brenner potential,'®'% only the
nearest local minimum strain energy state can be reached, as there might be a barrier to the
plastic collapse of the structure. In this work, we investigate how temperature dependent

fluctuations might help in overcoming this structural energy barrier and give a plastically

collapsed structure that is similar to that obtained with the generalized tight-binding molec-



ular dynamics method.

An (8,0) CNT was chosen for the temperature dependent simulations to keep the CNT
system same as that was studied with the tight-binding molecular dynamics method at zero
temperature. Also for a direct comparison with the tight-binding MD simulation results, we
start with a 12% uniformly compressed section of the tube (that is about 40 A long) since
tight-binding MD finds the (8,0) CNT begins to plastically collapse at such strain. Keeping
the both ends of the tube fixed at the strained values and letting the CNT relax using
classical MD with Tersoff-Brenner potential at zero temperature, we find, not surprisingly,
that the CN'T does not stay in the uniform structure, and that “fins” structure appears to
relieve some of the strain energy in the system. The radial distribution function (RDF) of
the nanotube before elastic collapse (Fig.1) shows a peak at about 1.3 A which disappears
after “fins” structure appears. The peaks representing the bond lengths are distributed
between 1.35 to 1.5 A. Although “fins” structure reduces the strain energy, the deformation
is fully elastic as was found also in previous studies. After removing the strains at the ends
of the tube, the CNT recovers to its initial unstrained structure, and no sp3 bonds were
observed at any stage within the structural configuration of the “fins.”

To overcome possible energy barrier and explore larger region of the configuration space,
we performed finite temperature classical MD simulations of the strained CNT section. The
uniformly compressed CNT in the above example was dynamically relaxed, for durations
much longer than the relaxation times, at temperatures of 300K, 800K, 1200K and 1600K,
respectively. Fig. 2 shows the changes in the strain energy as a function of the relaxation
time. It is observed that the finite temperatures do help CNT to relax to energetically favor-
able structures. The zero temperature strain energy of the CNT with “fins” like structure
is also plotted. At T=300K and T=800K, the strain energy per atom becomes lower than
the energy of the CNT with “fins” structure after 10ps relaxation. The strain energy of
the finally relaxed structure as a function of temperature is shown as a continuous line in
Fig. 3. We can see that at T=300K and T=800K, the strain energy is lowered further by

about 0.1eV/atom below the energy of the structure with “fins”. At higher temperatures,
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T=1200K and T=1600K, the higher total strain energy of the system is observed due to
larger vibrational contributions to the total potential energy of the system.

The configurations of relaxed CNTs at various temperatures are shown in Fig. 4 along
with the zero temperature structure with “fins.” A collapsed region appears in the CNT
at finite temperature. To check if the collapsed structure is due to plastic deformation,
we track the appearance of sp3 bond formation during the dynamics of the relaxation at
finite temperatures. Fig. 5 shows the average of the number of carbon atoms which have
four nearest neighbors (sign of the formation of sp3 bond) as a function of the relaxation
time. In Fig. 5 we can see that at T=300K, sp3 bond begins to appear after about 1ps.
At T=800K, the sp3 bonds form after 0.5ps of MD simulation. At higher temperatures,
T=1200K and T=1600K, the sp3 bond begins to appear even at shorter relaxation times,
and this indicates a thermal activation barrier to form sp3 bond. The plastic nature of the
deformations was tested by removing the strain constraints at the ends of the relaxed CNT,
and dynamically further relaxing the system. The CNT did not relax back to the starting
unstrained configuration, and irreversibal nature of the collapse has been confirmed.

In the tight-binding MD simulations,!” the CNT was found to collapse at 12% compres-
sion strain. To test the stability of final structures with the thermally activated collapse, the
collapsed structure from the tight-binding MD simulation was used as initial configuration
of classical MD simulations at several temperatures. A comparison of the radial distribution
functions (RDFs) of both collapsed structures is shown in Fig. 1. At zero temperature,
there is a wide distribution of the peaks from 1.4 A to 1.7 A suggesting formation of some
sp3 bonds (peak at 1.5 A), which is different from the RDF of the structure with “fins”,
where no distribution beyond 1.5 A is observed. At non-zero temperatures, we find that
the two collapsed structures show similar RDF patterns, where both have wide distribution
extending upto to 1.7 A. The comparison of the strain energy in the two cases (in Fig.3)
show that the thermally activated collapsed structures from classical MD simulations have
lower strain energy than the collapsed structures starting from the tight-binding MD sim-

ulations. We believe that this difference comes from the details of the parameterization
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in Tersoff-Brenner potential leading to different relative energies. Futhermore, the energy
barriers between the elastically strained structure of CN'T and the collapsed ones in our
classical MD simulations can be estimated from the relaxation time ¢ = toexp(E,/KT). For
C-C bond the characteristic time of vibration is about 0.1ps, and the barrier £, is estimated
to vary from 0.15 eV to 0.9 eV.

Besides sp3 bond formation, “Stone-Wales” dislocations are also observed in our simula-
tions at high temperature. Asshown in Fig. 4, for T=1600K, two “Stone-Wales” dislocations
can be seen back to back at the upper section of the compressed CNT. Such bond rotations
are found on CNTs in large tensile stress by classical MD simulations at high temperatures,?°
but for compression, such defects were not seen by Tight-Binding MD simulations which were
conducted at T=0K. In Fig. 6, the number of atoms with bond rotation induced defects is
plotted as function of relaxation time up to 5ps. Similar to the formations of the sp3 bonds,
we find that at higher temperatures bond rotations occur more frequently.

In summary, we have used classical MD with Tersoff-Brenner potentials to simulate
the collapse of CNT at finite temperatures. This is different from the previous classical
MD study. We find that at non-zero temperatures, in the range 300-1600K, classical MD
with Tersoff-Brenner potential also causes the structure of CNT to collapse locally with
the formation of diamond like bonds at the location of the collapse. The role of non-
zero temperature is to help overcome the energy barrier that exist between the previously
found “fins” like structure and the locally collapsed structures observed in the tight-binding
MD simulations. The Stone-Wales dislocations are also found at high temperature. The
thermally activated collapse is found to be plastic in nature in agreement with the tight-

binding MD simulation predictions and experimental observations.
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FIG. 1. The radial distribution function (RDF) as a function of radial distance is shown for
the two collapsed structures of the CNT starting from different initial configurations: one from
uniformaly strained CNT (solid lines), and the other fromthe collapsed structure of tight-binding
MD simulations (dotted lines). The RDFs are similar for both simulations at 300K, 800K, 1200K
and 1600K. At OK, however, there are differences since the structure with “fins” has no sp3 bond

formation.
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FIG. 2. The strain energy per atom as a function of relaxation time at various temperatures.

At non-zero temperatures, thermal activation induces CNT collapses to a structure with lower

strain energy than the structure with “fins” (dashed line at T =0K).
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FIG. 3. The strain energy per atom as a function of temperature. The solid line is for the

structure relaxed from uniformly strained CNT using classical MD simulations. The dotted line is
for structure relaxed using MD starting from a collapsed CNT from tight-binding MD simulations.

The two collapsed structures have similar strain energies at higher temperature (1200K and 1600K).
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FIG. 4. The configurations of a 12% strained (8,0) CNT relaxed at different temperatures are
shown. The first configuration is a uniformly strained CNT. The “fins” like deformations occur and
are shown in the second structure at OK. The third to sixth structures correspond to simulations
at 300K, 800K, 1200K, 1600K, respectively. At finite temperatures, some sections of CNT have
collapsed with sp3 bond formation, and also with formation of Stone-Wales defect. One such defect

is indicated by an arrow in the sixth structure.
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FIG. 5. The average number of atoms with sp3 bonds as a function of relaxation time at

different temperatures are shown. Higher temperatures activate the formation of sp3 bond at

earlier time.
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FIG. 6. The average number of atoms participating in bond rotation induced defects as a
function of relaxation time are plotted at different temperatures. Higher temperatures activate

bond rotations earlier time.
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